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The properties of single submicron high-temperature superconductor (HTS) rings are 
investigated. The Little-Parks effect is observed and is accompanied by an anomalous 
behavior of the magnetic dependence of the resistance, which we ascribe to non-uniform 
vorticity (superfluid angular momentum) within the ring arms. This effect is linked to the 
peculiar HTS-relationship between the values of the coherence length and the London 
penetration depth. 
 
 
I-Introduction 
Rings and, more generally, multiply connected systems are powerful tools to investigate 
purely quantum phenomena such as gauge invariance and quantum interference in 
superconducting [1] and normal-state systems [2]. In particular Aharonov-Bohm [3] and 
Little-Parks [4-6] effects represent paradigmatic examples of coherent quantum 
phenomena occurring in simple loops for the case of single particles and of the collective 
superconducting state, respectively. In the case of mesoscopic structures made of low 
critical-temperature superconductors (LTS), devices with characteristic dimensions 
comparable or lower than the coherence length (ξ0) are today accessible and allowed a 
number of exciting experiments on superconductivity at the nano-scale [5-8]. Similar 
scaling regimes cannot be achieved in the case of high critical-temperature 
superconductors (HTS) because of the very small value of the coherence length in 
perfectly doped HTS (ξ0 ≈ 1.5 nm). Nevertheless currently available linewidths of the 
order of few tens of nanometers in HTS open the way to the experimental study of 
structures with length scales comparable or smaller than the London penetration length 
(λL), or the typical grain size in epitaxial thin films, or the possible stripe charge order 
correlation length (40nm) [9-11]. Indeed, rings on the deep submicron scale are expected 
to shed light on various issues related to the HTS pairing mechanism [9-13] and to the 
peculiar vortex states produced by the d-wave order-parameter symmetry (OPS) [12-18]. 
Also, it was recently claimed that since in a d-wave system robust superconductivity 
along specific directions can coexist with low-energy quasi-particles, a crossover between 
the typical h/2e superconducting and h/e quasi-particle flux-periodicity [12,14,15,18] 
should be observed in mesoscopic loops of length scales even larger than ξ0.  
In the present work we report h/2e Little-Parks flux periodicity in nanoscale HTS rings.  
When compared with analogous experiments performed on LTS loops with a similar ratio 
between internal and external radii [19, 20] or on arrays of micron-sized HTS holes [21], 
our results provide clear evidence of a non-uniform vorticity of the order parameter in the 
rings. We shall discuss this “concentric-vortex” structure which results from the very 
short coherence length and a London penetration depth λL which is, in turn, larger than 
the width of the ring arms. It is worth mentioning that since ξ is of the order of few nm, 
our findings are relevant even to ring radii smaller than the ones studied here, down to the 
nm scale.  
 
Isothermal measurements of resistance vs. magnetic field (R(H)) of submicron rings 
patterned on YBCO c-axis thin films were performed on several different samples. By 
measuring R(H) at temperatures close to the critical temperature (Tc) in a mesoscopic 
loop [5,6] it is possible to determine its normal-to-superconducting phase boundary, in 
full analogy with the experiments reported by Little and Parks [4] on cylinders to 
evidence fluxoid quantization [1]. As explicitly shown in ref. 5, in structures of 
characteristic size comparable to ξ, the phase boundary strongly depends on the specific 
shape of the structure. 
In HTS the detection of Tc vs. H oscillations can be very challenging since their 
amplitude (∆Tc) is expected to scale with (ξ0/r)2. In one of the few successful attempts a 
maximum ∆Tc ≈ 40 mK  was observed in a 50×50 array of 1µm×1µm holes in YBaCuO 
c-axis films [21]. In our rings with a radius of a few hundred nanometers, ∆Tc oscillations 
show an amplitude of about 500 mK on single YBaCuO loops. In our single-ring 
configuration higher spurious harmonics in the magnetoresistance are not introduced as 
opposed to arrays of rings. In these last systems the magnetoresistance is the convolution 
of the fundamental period, which corresponds to a flux quantum in a single cell, but also 
of all the periods corresponding to a flux quantum in two or several cells of the array. 
Consequently in an array, it is difficult to distinguish these contributions from intrinsic 
effects with integer fractions of h/2e in a single loop [22]. 
 
II-Experiment 
We shall report on measurements performed on four YBaCuO rings having nominally 
identical shape (internal radius ri = 200nm, external radius ro = 500nm), but different 
critical temperatures ranging from 74K to 19K. These samples allow us to cover a large 
part of the superconducting phase diagram in the under-doped regime. At lower Tc 
interference due to quasiparticles is expected to play a larger role also owing to the longer 
thermal length. To the best of our knowledge single-particle Aharanov-Bohm interference 
was recorded up to the maximum temperature of 20K on semiconductor rings with 
similar size [23]. 
We fabricated our nanostructures starting from 50 nm-thick (001)-oriented YBCO films 
grown on YSZ and SrTiO3 substrates. The typical value of the surface roughness was 
lower than 3 nm. A 20 nm gold layer was deposited in situ to protect YBCO films during 
all following fabrication steps. In order to fabricate the nanostructures we deposited on 
top of the YBCO/Au bi-layer a 50 nm-thick Ti mask that was patterned by electron-beam 
lithography and lift-off. The exposed YBCO/Au bilayer was etched by ion-beam etching 
(IBE) while the sample was cooled down at -140 °C in order to minimize oxygen loss 
from YBCO films. Subsequently the Ti mask was removed by a highly-diluted HF 
solution (1:20) and the gold layer by a short and low-energy IBE. Figure 1c reports a 
scanning electron microscope picture of one of the nanostructures (D1). 
The critical temperature of a device patterned using this procedure depends on the 
linewidth and on etching conditions. The more energetic is the dry etching and the 
smaller are the linewidths, the more depressed are the superconducting properties of 
nanostructures. This makes it possible to tune the ring doping level. We measured four 
rings, with an average radius of 350 nm and branch width ranging from 270 to 300nm. 
For all devices the transition temperature of the larger YBCO areas, i.e. wiring and pads, 
corresponds to that of the unpatterned film (86K). All samples showed the expected tail 
in the resistance vs. temperature curve associated to the superconducting transition of the 
submicron part of the device (see Fig. 1a for device D1). In Figure 1b we show R(T) 
curves at zero magnetic field and at 12 T close to TC for a similar ring with a lower 
doping. In experiments on single crystals and thin films, the exponential growth of the 
resistivity in an extended temperature range above the zero resistance state [24] has been 
associated to a vortex liquid state (VLS) [25,26] in the complex magnetic phase diagram. 
Even if the conditions of occurrence of VLS in HTS nanostructures go beyond the aims 
of the present work, the R(T) curve, measured at 12 T (which is the maximum field we 
can apply in our set-up) and shown in Figure 1b close to TC, gives relevant indications. 
Its characteristic shape accompanied by a reduction of TC of about 25 K (of the order of 
40% of the original TC), suggests a mechanism based on VLS for the onset of resistance 
also in our nanostructures, where the width is comparable to the London penetration 
depth and much smaller than the Pearl length.  
Measurements were performed in liquid helium using a variable-temperature probe. 
Thermal stability was ensured by a heater connected to a PID controller. Current and 
voltage leads were filtered by RC filters at room temperature. A second filtering stage 
consisted of RC plus copper-powder filters thermally anchored at 4.2K. Shielding from 
spurious external magnetic fields was provided by a combination of nested cryoperm, Pb 
and Nb foils all placed in the measurement dewar and immersed in liquid He. For all the 
measurements reported here we consider the differential resistance (dR = dV/dI) at zero 
bias as function of temperature and magnetic field. dR is measured by biasing the device 
with a small ac current (typically 300 nA) at about 11 Hz and detecting the corresponding 
ac voltage with a lock-in amplifier. 
 
Following the standard procedure of LP experiments on LTS samples, we measured the 
magnetoconductance at several temperatures above TC0 defined as the temperature at 
which the voltage drop is zero within the error of the instrument. From the 
magnetoconductance and the R(T) curves we calculated 
1−
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dT
dRRTC . In all devices 
∆Tc oscillations show a periodicity h/2e as function of the flux enclosed by the ring 
average area A = pir2Avg, as shown in Fig. 1 c for D1. For our geometry this area matches 
with theoretical predictions for annulus of arbitrary ri/ro ratio [27]. Consistently with 
similar measurements on the LP effect [4-6, 21, 28], the periodic dependence of ∆Tc is 
superimposed on a parabolic background determined by the contribution to 
magnetoconductance of single wires [28]. The amplitude of TC oscillations depended on 
the temperature at which the R(H) was measured. The maximum value of ∆TC = 600 mK 
was recorded at 73K, and far exceeds the value predicted by theory for clean 
superconductors: ∆TC = 0.14TC(ξ0/r)2 ~ 1 mK, assuming a zero-temperature coherence 
length ξ0 = 1.5nm. This large discrepancy is consistent with previous experiments in HTS 
[21] and conventional systems [28] and has been linked to a smooth R(T) since early 
times [28]. Current leads connected to the rings are quite larger than the arms of the ring 
(an example is given in Fig. 1c). This has guaranteed that for the presented experiments 
we have never been in a situation for which the leads were normal and the ring  
superconducting, differently from other configurations studied in literature (Ref. 29). The 
results in Ref. 29 suggest that in our experiment possible more subtle processes induced 
by non equilibrium effects produced by normal leads are negligible with respect with the 
shielding current phenomena in the loop (i.e. Little-Parks effect).  
 The magnetic field behavior of severely under-doped rings with TC 24 K and 19 K 
is substantially identical to those with larger doping. In particular we have found that, 
within our sensitivity and noise level, the oscillatory signal of magnetoresistance quickly 
disappears above TC (typically in a temperature range ∆T/TC less than 5%).  The absence 
of an oscillatory response does not necessarily argue against the scenario of Cooper pairs 
surviving at temperatures larger than TC in the entire pseudo-gap region [30,31]. 
Nevertheless our results might signal an upper bound on the length scale for coherent 
phenomena above TC. A more specific theoretical framework able to take into account 
possible effects imposed by ‘nano-sizes’ would be necessary for a more complete asset. 
 
The behavior at larger magnetic fields (300mT) shows a few unexpected features when 
compared to existing data on LTS [4-6, 28]. Data for D2 are shown in Fig. 2a (the 
parabolic background was subtracted). Oscillations have an amplitude modulation with at 
least three nodes before completely disappearing at high fields. This beating pattern 
results from the mix of two or more frequency components that are related to the inverse 
of the magnetic field. Fast Fourier transform (FFT) of the pattern shown in Fig. 2b yields 
all frequency components in the data. This procedure was successfully used in Ref. 32 to 
detect the characteristic periodicity arising from fluxoid quantization in two distinct 
concentric aluminum rings. In our work, apart from the expected peak matching the 
fundamental periodicity ∆H = Φ0/pir2avg, we found additional peaks. They occur at the 
same position for all temperatures. Each FFT peak indicates the existence of a 
characteristic radius associated with flux quantization. Such a multi-frequency behavior is 
made possible by the size of the ring in relation to the characteristic lengths of HTS. The 
“multiple-peak frequency” behavior must be ascribed to the finite width (W) of the ring 
arms which is here much larger than the superconductor coherence length.  
In LTS systems, Tc oscillations were detected in hollow cylinders and rings with walls or 
arms thinner than ξ. In this case the order parameter can be considered constant along the 
radial direction and depends only on the azimuthal angle. In the r >> ξ regime, Tc and 
other thermodynamic properties, e.g. the magnetization, are strictly h/2e periodic. In HTS 
systems it is possible to have access to a regime where the radius of the ring is small 
enough to yield sizable LP oscillations, while the width of the arms still supports a 
significant variation of the order parameter along the radial direction. This sustains a 
discrete number of concentric independent domains where supercurrent density is 
different from zero. 
 
III-Discussion 
For a superconducting annulus close to Tc with arbitrarily wide arms, Ginzburg-Landau 
equations can be used to determine the order parameter (ψ) which, for the cylindrical 
symmetry of the sample, can be written as ψL(r) = fL(ρ)eiLθ, where θ and ρ are cylindrical 
coordinates (origin at the center of the ring). L is called winding number or vorticity and 
can be thought of as the angular momentum of the superfluid density. For W << ξ, fL(ρ) 
is a constant, while in our case, W >> ξ, fL(ρ) varies with ρ.  
In our samples the lateral penetration depth exceeds W, so that the magnetic field in the 
structure can be taken equal to the external magnetic field. For the nucleation of 
superconductivity linearized GL equations can be used [1, 5, 6] and the most general 
solution is a linear combination of states with different winding number 
ψ r( )= aLψL r( )∑  [33]. Each ψL(r) is characterized by a different average radius and 
consequently a different periodicity in H. Coefficients aL must be chosen by minimizing 
the free energy of the system and maximizing the flatness of ψ (see Ref. 33).  
If the external radius ro > piξ, fL(ρ) has nodes along the radial direction (between the 
minimum and maximum radius) with an overall spacing ≈ piξ [34]. Consecutive nodes 
mark concentric domains in which the order parameter and the supercurrent are different 
from zero [34]. 
A stable solution with lower free energy may take place in a configuration with an order 
parameter having different vorticity in two domains of a ring separated by a zero-current 
line rather than the configuration with uniform vorticity [35]. In this case the total free 
energy of the ring will be a sum of contributions from domains with a different 
periodicity in H. 
On the basis of these approaches [34, 35], we associate each of the peaks in the FFT to 
the effective radius of one of the elements of a set of concentric current loops populating 
the ring, each labeled by different superfluid momentum, as schematized in Fig. 3c, 
where the FFT is reported in polar coordinates. R(H) data reported in Fig. 2-a were 
divided in two groups: from 0 to 90 mT  and from 90 to 250 mT: Fig. 3a shows the 
corresponding FFTs (solid and dashed line, respectively). From each of the marked peaks 
in Fig. 3a (gn) we can calculate a radius value rn = (Φ0gn/pi)0.5 that is plotted in Fig. 3b as 
function of the order of the peak. A linear fit of the data yields the average radius spacing 
∆r at both higher (21 ± 3nm) and lower (28 ± 2nm) magnetic field values. From this we 
can estimate the GL parameter ξ = ∆r/pi =12 ± 1 nm. Finally from this ξ value, by using 
the expression for a clean superconductor ξ0 = ξ(1-T/Tc)-0.5 with T = 70 K and Tc = 74 K, 
we obtain ξ0 = 1.5 ± 1 nm.  
The shape of the two FFTs in Fig. 3a is rather similar but the one relative to the 
larger magnetic fields appears somewhat compressed toward zero frequencies. This 
behavior is in agreement with the theoretical findings of Ref. 36. For a solution of GL 
equation with fixed vorticity L, the zero current line monotonously shrinks toward the 
internal radius of the ring with increasing magnetic field.  
The multiple-peak structure observed in FFT and the shift of the peaks to lower 
frequency at higher magnetic field closely resemble what experimentally observed and 
theoretically expected in Aharonov-Bohm multimode rings in the two-dimensional 
electron gas [37,38]. We argue that this striking similarity holds because linearized GL 
equations, which model our system, are formally identical to the Schrodinger equation 
which describes single-particle states in a normal ring [1]. The main argument against the 
hypothesis of a role of quasiparticles interference is the absence of h/e periodicity [12]. 
Quantitative analyses also rule out explanations of multi-peaked FFT in terms of 
quasiparticle states with different angular momenta (and radii), as modeled in Ref. 38 for 
semiconductor multimode rings. In fact, in this case, the difference between two average 
radii associated with single particle states would be of the order piλF ~ 0.3 nm, where λF is 
the Fermi wavelength in YBCO (~0.1nm).  
 IV-Conclusions 
In conclusion we performed LP experiment on several differently-doped submicron 
YBCO rings. Results indicate a multi-period dependence on H of the free energy close to 
Tc, consistent with a non-uniform vorticity in the ring. This is a quantum effect due to 
mesoscopic confinement on HTS nanostructures. We believe these findings can provide 
useful guidelines for the design of nanoscale experiments targeting the investigation of 
fundamental properties of HTS. 
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Figure 1 (Color online) (a) Detail of the Resistance vs. Temperature curve in proximity of 
the critical temperature Tc and on a larger scale (inset) for ring D1. In (b) R(T) curves 
measured at H = 0 T and H = 12 T, in an underdoped ring nominally identical to D1, are 
reported in proximity of  TC. In (c) scanning electron micrograph of ring (D1). In (d) 
oscillations of  ∆Tc derived by measurements of the magneto-conductance (see text) on 
the same device, are shown at different temperatures, providing evidence of Little-Parks  
effect. 
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Figure 2 (Color online) a) Resistance oscillations of a ring whith Rmax=445nm and 
Rmin=205nm. (D2) b) FFT of R(H) data taken at three temperatures. Black arrows 
indicate the frequencies corresponding to a single flux quantum in a ring with radius Rmin 
, Ravg, Rmax respectively.
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Figure 3 (Color online) a) FFT of data in Figure 2a in the range 0 to 90mT (solid line) 
and 90 to 250mT (dotted line). From the peaks marked in a) we calculate an effective 
radius (see text) and plot it as function of peak order (b). In c) we schematize the 
concentric vortex structure by plotting, in polar coordinate ρ= (Φ0H/pi)0.5 and θ, the 
amplitude of the FFT in a) . 
 
 
